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Abstract.  Squids of the genus Illex are representative of 
the family Ommastrephidae and account for 65% of the 
world’s cephalopod captures. Illex is formed by four taxa 
distributed throughout the Atlantic Ocean (I. ar-gentinus, 
I. coindetii, I. illecebrosus and I. oxygonius), whose 
identification and phylogenetic relationships based on 
morphological characters remain controver-sial. Thirty-
seven enzyme-coding loci were analysed in 230 
individuals from seven populations of Illex and ten 
specimens of Todaropsis eblanae, which were used as the 
outgroup. Two to four enzyme loci (ALPDH*, IDHP-1*, 
MEP* and SOD*) were diagnostic among Illex species 
depending on the species-pair comparison. Individuals 
morphologically identified as I. oxygonius were also 
found genetically distinct, which proves the taxonomic 
validity of this species. No significant intra-specific 
genetic heterogeneity was detected within Illex argentinus, 
I. coindetii and I. illecebrosus (Mean GST= 0.011, 0.003, 
0.017, respectively). I. illecebrosus and I. oxygonius were 
shown as sister species with a close relationship to I. 
argentinus, whereas I. coindetii formed a different lineage. 
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Introduction 
Cephalopods have come to constitute one of the top 
invertebrate fisheries with catches of about 2.9 million 
tons per year (FAO 1998). Among them, the short-fin-ned 
squids of the genus Illex Steenstrup 1880 (Ommas-
trephidae, Illicinae) account for about 65% of the world’s 
commercial cephalopod catches (Caddy 1995). At present, 
the genus is considered to be constituted by four species: 
Illex argentinus (Castellanos 1960), I. coindetii (Verany 
1839), I. illecebrosus (Le Sueur 1821) and I. oxygonius 
Roper, Lu and Mangold 1969, which are distributed 
throughout the Atlantic Ocean (Roper and Mangold 1998). 
I. argentinus inhabits the southwest Atlantic, I. coindetii is 
found along the eastern Atlantic and Mediterranean Sea, 
as well as in the Gulf of Mexico and Caribbean Sea, while 
I. illecebrosus lives along the northwestern Atlantic and I. 
oxygonius off the eastern USA, South to the Mexican 
Gulf (Lu 1973; Roper et al. 1998) (Fig. 1). Therefore, 
Illex coindetii, I. illecebrosus and I. oxygonius are 
sympatric in the northwestern Atlantic Ocean. The 
morphological similarity of these three species, their 
overlapping distributions and the disjunctive occurrence 
of I. coindetii on opposite sides of the Atlantic has led to 
problems of species identification, which in turn are an 
impediment for understanding Illex systematics (Roper 
and Mangold 1998; Roper et al. 1998). 
Previous morphometric and meristic analyses (e.g. 
Roper et al. 1998) have not been able to consistently 
identify all of the Illex species because such characters are 
influenced by sex, age, growth or environment so that 
variability within and among taxa is high and overlapping 
measurements may occur (Lu 1973; Roper and Mangold 
1998). Recently, taxonomic identification on I. argentinus, 
I. coindetii and I. illecebrosus has been assessed based on 
body and beak structures through stepwise discrimination 
analysis, with an average of 83% correct designations 
(Martınez et al. 2002). However, important systematic 
questions such as the following are
Fig. 1 Illex spp. Schematic distribution of Illex species and sampled areas (*) for Illex argentinus (IaF, Ia42), I. illecebrosus (IiN, 
IiWo), I. coindetii (IcW, IcM), I. oxygonius (IoF), and Todaropsis eblanae (TeW). Sample codes are as in Table 1
 
still unresolved within the genus Illex: (1) the existence of 
an I. coindetii complex of morphotypes (Roper and 
Mangold 1998); (2) the uncertain recognition of I. oxy-
gonius as a valid species sensu stricto due to the difficulty 
of obtaining wild specimens and its morphological sim-
ilarity to the other three Illex when mature (Laptik-hovsky 
and Nigmatullin 1993); (3) the existence of I. illecebrosus 
and I. coindetii morphotypes not attrib-utable to either one 
taxon or the other in some geo-graphical areas (Lu 1973); 
and (4) the possible occurrence of subspecies within I. 
argentinus (Carvalho et al. 1992; Thorpe et al. 1986, cited 
in Carvalho and Nigmatullin 1998). 
Molecular markers such as allozyme polymorphisms 
are an alternative to morphology and their application to 
population, taxonomic and phylogenetic studies has been 
largely proved (Whitmore 1990; Perez-Losada et al. 1999; 
Wiens 2000). Allozyme polymorphisms are con-servative 
characters for identifying sibling or morpho-logically 
indistinguishable taxa, and for providing an independent 
estimate of the species phylogeny (Ayala 1983; Wiens 
2000). Cephalopods seem to contain lower levels of 
allozyme variability than other invertebrates (Sanjuan et 
al. 1996; Carvalho and Nigmatullin 1998; Perez-Losada et 
al. 1999), which may make the intra-specific analysis of 
their populations difficult (Nevo et al. 1984; Ward et al. 
1992). However, complex population structures and even 
cryptic taxa have been inferred using 
 
allozyme polymorphisms (e.g. Brierley et al. 1993; 
Yeatman and Benzie 1994; Perez-Losada et al. 1999). At 
present, few genetic studies have been carried out within 
the genus Illex (Carvalho and Nigmatullin 1998; Jerez et 
al. 1998; Adcock et al. 1999, Martınez et al. 2005) and 
none of them look at the four species combined. Hence, 
Illex species identification and evolutionary relation-ships 
as well as their intraspecific population structure remain 
controversial. Therefore, the main aims of this study were 
to genetically characterize the four Illex taxa using 
allozyme polymorphisms, to validate the taxo-nomic 
status of the presumptive I. oxygonius, and to infer the 
phylogenetic relationships within the genus. 
Materials and methods 
Sampling 
Seven Illex populations (N=230 specimens) were col-
lected in 1996-1997 throughout the Atlantic Ocean (Table 
1, Fig. 1). Frozen lots from the Falkland Islands and the 
42°S international waters fishing áreas were collected for 
/. argentinus (IaF and Ia42, respectively). Fresh specimens 
of /. coindetü and /. illecebrosus were sampled from 
fishing ports off Atlantic Northwest (NW; IcW) and 
Mediterranean East Iberian Peninsula (IcM), and oíf 
Newfoundland (Hollyrood Bay, Canadá; IiN)
Table 1 Illex spp. Taxa, sample codes, sampling areas and dates, and number of sampled individuals (N) of Illex argentinus (Ia), I. 
coindetii (Ic), I. illecebrosus (Ii), putative I. oxygonius (Io) and Todaropsis eblanae (Te) 
 
Taxa Code Sampling área Date N 
I. argentinus IaF North Falkland Islands June 1996 42 
I. argentinus Ia42 42°S fishing área May 1997 40 
I. coindetii IcW NW Iberian Península, Ribeira November/December 1996 19/26
I. coindetii IcM Mediterranean Sea, Alicante June 1997 39 
I. illecebrosus IiN Newfoundland, Canadá August 1996 46 
I. illecebrosus IiWo Woods Hole, USA February-April 1996 13 
I. oxygonius IoF Florida, USA April 1997 5 
Todaropsis eblanae TeW NW Iberian Península, Ribeira August 1992 10 
 
and Woods Hole (USA; IiWo). A sample (N=5) of putative /. 
oxygonius was captured off Florida (USA; IoF) at 200-250 
m, within the geographic species range of /. oxygonius, I. 
coindetii and /. illecebrosus. Identifi-cation on 
morphological traits in /. oxygonius following identification 
keys from Roper et al. (1998) can only be surely done when 
individuáis are fully mature. Four of the five putative /. 
oxygonius were mature (individuáis 1-4), whereas one was a 
juvenile (individual 5). More-over, a sample of ten 
individuáis of Todaropsis eblanae from the NW Iberian 
waters (TeW) was used for com-parison (Table 1). Both 
fresh individuáis and those from commercial lots were 
frozen after capture and stored at —72°C until required.
Electrophoresis 
Horizontal starch-gel electrophoresis was carried out based 
on the method of Murphy et al. (1996). A section of mantle 
muscle (11x11 mm) was sliced out for homogenisation with 
0.01 M dithiothreitol (DTT) solution. The homogenate was 
centrifuged at 12,000 g for 10 min at 4°C and the 
supernatant was embedded in Whatman strips nos. 2 and 3. 
Hydrolysed-starch gels (13%, Starch-art) were run at 
constant voltage at 4°C. The enzyme systems routinely 
examined that showed adequate activity and resolution were: 
aspartate trans-aminase (AAT; E.C. 2.6.1.1.), acid 
phosphatase (ACP; E.C. 3.1.3.2), adenosine deaminase 
(ADA; E.C. 3.5.4.4), adenylate kinase (AK; E.C. 2.7.4.3), 
alanopine dehy-drogenase (ALPDH; E.C. 1.5.1.17), arginine 
kinase (ARK; E.C. 2.7.3.3), dihydrolipoamide transaminase 
(DDH; E.C. 1.8.1.4), carboxylic ester hydrolase (EST; E.C. 
3.1.1.-; substrate: a-naphthyl acétate), methylum-belliferyl-
acetate deacetylase (ESTD; E.C. 3.1.1.56), glycerol-3-
phosphate dehydrogenase (NAD + ) (G3PDH; E.C. 1.1.1.8), 
glucose-6-phosphate dehydrogenase (G6PDH; 1.1.1.49), 
gliceraldehyde-3-phosphate dehydrogenase, phosphorilating 
(GAPDH; E.C. 1.2.1.12), glucose-6-phosphate isomerase 
(GPI; E.C. 5.3.1.9), L-iditol 2-dehydrogenase (IDDH; E.C. 
1.1.1.14), isocitrate 
 + 
dehydrogenase (NADP ) (IDHP; E.C. 1.1.1.42), L-leucyl 
aminopeptidase (LAP; E.C. 3.4.11.1), malate dehydrogenase 
(MDH; E.C. 1.1.1.37), malate dehydro-genase 
(oxaloacetate-decarboxylatmg) (NADP   ) (MEP; 
 
E.C. 1.1.1.40), mannose-6-phosphate isomerase (MPI; E.C. 
5.3.1.8), D-octopine dehydrogenase (OPDH; E.C. 1.5.1.11), 
cytosol non-specific dipeptidase (PEPA; E.C. 3.4.13.18; 
substrate: gly-leu), tripeptide aminopeptidase (PEPB; E.C. 
3.4.11.4; substrate: leu-gly-gly), X-pro dipeptidase (PEPD; 
E.C. 3.4.13.9; substrate: phe-pro), peptidase-S (PEPS; E.C. 
3.4.11.-; substrate: leucyl-tyro-sine), phosphogluconate 
dehydrogenase (decarboxylat-ing) (PGDH; E.C. 1.1.1.44), 
phosphoglucomutase (PGM; E.C. 5.4.2.2), pyruvate kinase 
(PK; E.C. 2.7.1.40), and superoxide dismutase (SOD; E.C. 
1.15.1.1). The Tris-citrate pH 8.0 buffer system (gel buffer 
dilution 1:11) of Ward and Beardmore (1977) was used for 
most of the enzymes at a voltage of 4.6 V cm_1. The Tris-
borate-EDTA pH 8.7 buffer (dilution 1:9) of Boyer et al. 
(1963) was used for ADA at 3.6 V cm~ and for G6PDH and 
GPI (dilution 1:5) at 10 V cm_1. The citrate morpholine pH 
7.4 buffer (dilution 1:9) was used for MEP and the locus 
OPDH-3* at a voltage of 4.6 V cm~ . Enzymes were stained 
according to recipes in Murphy et al. (1996), with the 
exception of ACP, DDH, MPI and PK (Harris and 
Hopkinson 1976), ESTD, LAP, PEPA, PEPB and PEPD 
(Ahmad et al. 1977) and AAT, IDHP, PGDH and PGM 
(Shaw and Prasad 1970). The 28 enzymes resolved 37 
putative en-zyme-coding loci. Banding patterns of the 
presumptive loci were interpreted according to the current 
subunit structure of each enzyme. Terminology and notation 
for allozymes are based on recommendations by Shaklee et 
al. (1990) and IUBMB (1992). Arabic numerical sufñxes for 
múltiple loci (1, 2,...) and for alíeles (*100,*105,...) are 
presented in order of decreasing and increasing an-odal 
mobility, respectively, with *100 corresponding to the most 
abundant alíele in /. coindetii. Cross-compari-sons were 
made among species and gels to ensure scoring accuracy. 
Data analysis 
Genotype frequencies at polymorphic loci were tested for 
agreement with Hardy-Weinberg (HW) equilibrium 
expectations using chi-squared tests, and the probability of 
the null hypothesis was estimated by the Markov Chain 
method (Guo and Thompson 1992) as imple-mented   in   
GENEPOP   version   1.2   (Raymond   and
Table 2 Illex spp. Allele frequencies for 37 enzyme loci in eight populations of I. argentinus (IaF, Ia42), I. coindetii (IcW, IcM), I. 
Illecebrosus (IiN, IiWo), I. oxygonius (IoF) and Todaropsis eblanae (TeW) 
 
Locus Population
IaF Ia42 IcW IcM IiN IiWo IoF TeW
AAT-1*
(N)                   40 45 39 46 13 5 10 
*90 0 0.025 0 0 0 0 0 0
*100 1 0.975 1 1 1 1 1 0
*150 0
AAT-2* 
(N) - 40 45 8 9 12 5 8
*90 - 0.013 0 0 0 0 0.100 0
*100 - 0.988 1 1 1 1 0.900 1
ACP* 
(N) 42 40 45 39 45 13 5 10
*70 0
*90 0 0.025 0.011 0.038 0.044 0.038 0.100 0
*100 1 0.975 0.989 0.962 0.956 0.885 0.900 0
*115 0 0 0 0 0.038 0 0 0
*125 0 0 0 0 0.038 0 0 0
ALPDH* 
(N) 41 39 45 38 45 12 5 9
*90 0 0 0 0.053 0 0 0 0
*100 0.024 0.013 1 0.934 0.022 0.900 0 0
*105 0.976 0.974 0 0.013 0.967 0.100 0 1
*110 0 0.013 0 0 0.011 0 1 0
DDH* 
(N) 42 40 45 39 46 13 5 9
*65 0
*100 0.988 1 1 1 1 1 1 0
*105 0.012 0 0 0 0 0 0 0
ESTD* 
(N) 42 40 45 39 46 13 5 10
*40 0
*90 0 0.013 0 0 0.011 0 0 0
*100 1 0.988 1 1 0.989 1 1 0
G6PDH* 
(N) 31 18 34 19 36 10 5 5
*80 0 0 0.044 0 0.028 0 0 0
*100 1 1 0.926 0.947 0.903 0.950 1 1
*105 0 0 0.015 0.026 0.069 0.050 0 0
*110 0 0 0 0.026 0 0 0 0
*120 0 0 0.015 0 0 0 0 0
IDDH* 
(N) 42 40 45 39 45 13 5 10
*30 0 0.013 0 0 0.022 0 0 0
*60 0 0 0 0 0 0.038 0 0
*100 0.940 0.975 0.944 0.974 0.867 0.808 1 0
*105 0 0 0 0 0 0.077 0 0
*110 0.036 0.013 0.044 0.026 0.078 0.038 0 1
*120 0.024 0 0.011 0 0.033 0.038 0 0
IDHP-1* 
(N) 42 40 45 39 46 13 5 10
*85 0 0 0 0 0 0.038 0 0
*90 0 0 0 0 1 0.962 1 0
*100 0.012 0 1 0.987 0 0 0 1
*110 0.988 1 0 0.013 0 0 0 0
IDHP-2* 
(N) 42 40 45 37 46 13 5 10
*90 0.107 0.025 0 0 0 0.154 0 0
*100 0.893 0.975 1 1 1 0.846 1 0
*110 0
LAP* 
(N) 42 39 38 39 46 13 5 10
*95 0
*100 1 1 1 1 1 0.962 1 0
*120 0 0 0 0 0 0.038 0 0
Table 2 (Contd.) 
 
Locus Population
IaF Ia42 IcW IcM IiN IiWo IoF TeW
MDH-2*
(N) 42 40 45 39 46 13 5 10
*100 1 1 1 1 0.989 1 1 0
*110 0 0 0 0 0.011 0 0 0
*160 00                0 1
MEP* 
(N) 42 40 45 39 46 13 5 10
*85 0.083 0.150 0 0 0 0 0 0
*100 0.917 0.850 1 1 1 1 0 0
*105 00                1 0
*110 00                0 1
MPI-2* 
(N) 40 37 21 36 43 13 5 
*90 0 0 0 0 0 0.077 0 -
*100 1 1 1 1 1 0.923 1 -
OPDH-3* 
(N) 39 39 45 34 45 13 5      
*100 1 0.987 1 1 1 0.962 1 0
*105 0 0.013 0 0 0 0.038 0 0
*190 00                0 1
*105 0 0.013 0 0 0 0.038 0 0
*190 00                0 1
PEPA* 
(N) 42 40 45 39 45 9 5 10
*80 0 0 0 0 0 0.056 0 0
*90 0.012 0.025 0 0 0.011 0 0 1
*100 0.988 0.975 1 1 0.967 0.944 1 0
*105 0 0 0 0 0.022 0 0 0
PEPB* 
(N) 42 40 45 39 45 13 5 10
*95 0.012 0 0 0 0 0 0 0
*100 0.988 1 1 1 1 1 1 1
PEPD* 
(N) 42 40 45 39 45 13 4 10
*80 0 0.013 0 0.026 0 0.115 0 0
*90 0.012 0 0.011 0 0.011 0 0 1
*100 0.988 0.988 0.989 0.974 0.989 0.885 1 0
PEPS-1* 
(N) 27 37 39 35 17 13 5      
*70 00                0 1
*90 0 0.014 0 0.029 0 0 0 0
*100 1 0.946 1 0.971 1 0.923 1 0
*105 0 0 0 0 0 0.077 0 0
*110 0 0.041 0 0 0 0 0 0
PEPS-2* 
(N) 31 8 35 34 24 12 5 5
*70 00                0 1
*90 0 0 0.029 0.015 0 0 0 0
*95 0 0 0 0.029 0 0.042 0 0 0
*100 1 1 0.943 0.956 1 0.958 1 0 0
*105 0 0 0.029 0 0 0 0 0
PEPS-3* 
(N) 27 19 4 37 24 11 5 5
*65 00                0 1
*90 0 0 0 0.014 0 0 0 0
*100 1 1 1 0.932 1 1 1 0
*110 0 0 0 0.054 0 0 0 0
PEPS-4* 
(N) 28 38 39 39 25 13 5      
*60 00                0 1
*85 0 0 0.038 0 0 0 0 0
*100 0.964 0.987 0.962 0.962 0.980 1 1 0
*105 0.018 0 0 0 0 0 0 0
*110 0 0 0 0 0.020 0 0 0
*115 0.018 0.013 0 0.038 0 0 0 0
Table 2 (Contd.) 
Locus        Population 
IaF Ia42 IcW IcM IiN IiWo IoF TeW 
PGDH* 
(N) 42 40 45 39 45 13 5 10 
*900 0 0 0 0 0 0 1 
*100 1 1 0.989 1 0.811 0.8081 0 0 
*110 0 0 0.011 0 0.178 0.1150 0 0 
*120 0 0 0 0 0.011 0.0770 0 0 
PGM* 
(N) 42 40 45 39 46 13 5 10 
*800 0 0 0 0 0 0 0.050 
*90 0 0 0.111 0.038 0 0 0.100 0.950 
*100 1 0.988 0.889 0.962 1 1 0.900 0 
*1100 0.013 0 0 0 0 0 0 
SOD* 
(N) 42 40 45 39 46 13 5 10 
*400 0 0 0 0 0 0 1 
*601 1 0 0 0 0 0 0 
*900 0 0 0 1 1 1 0 
*1000 0 1 1 0 0 0 0 
He (SE)     0.019 (0.008)     0.022 (0.008)     0.019 (0.008)     0.023 (0.007)     0.029 (0.012)     0.060 (0.017)     0.022 (0.010)     0.003 (0.003) 
Ho (SE)     0.021 (0.008)     0.022 (0.008)     0.016 (0.007)     0.021 (0.006)     0.026 (0.010)     0.060 (0.017)     0.022 (0.010)     0.003 (0.003) 
Na (SE)     1.33 (0.10) 1.46 (0.11) 1.32 (0.12) 1.41 (0.11) 1.43 (0.13) 1.51 (0.15) 1.11 (0.050)       1.03 (0.03) 
P95 8.33 5.41 10.81 8.11 8.11 24.32 10.81 2.78 
The loci ADA* and PK-2* were monomorphic for all samples variability indices and their standard errors (SE) are shown at
and AK*, ARK*, EST-1*, G3PDH*, GAPDH*, GPI-1*, GPI-2*, the bottom of the table (He, mean unbiased estimate of expected
MDH-1*, MPI-1* and OPDH-2* showed one fixed allele for all heterozygosity;  Ho,  mean  observed  heterozygosity;  Na,  mean
Illex  samples  and another  for  T.  eblanae  (data  not  shown). number of alleles; P95, polymorphism at the 95% criterion) 
Sample codes are as in Table 1. (N) is the sample size. Genetic
Rousset 1995). Mean unbiased estimate of expected obtain an estimate of the tree under the assumption of a 
heterozygosity,  mean  observed  heterozygosity,  mean molecular clock (Nei 1987) and for comparison with 
number of alleles and proportion of polymorphic loci previous studies. Phylogenetic relationships were also 
(Nei 1987) were calculated for each sample. Variability assessed    using    the    allele    frequencies    under    thevalues 
were adjusted according to Levene’s (1949) cor- ML   method   (Felsenstein   1981)   as   implemented   in 
rection for small sample size. BYOSIS-1 (Swofford and PHYLIP. Optimum phylogenetic trees were searched 
Selander 1981) was used to estimate allele frequencies (1,000 replicates) by branch-and-bound (PAUP version 
and variability estimates. The genetic structure of each 4.0; Swofford 1999). The frequency parsimony approach 
species was analysed by means of F-statistics (GST, Nei of Swofford and Berlocher (1987) was applied using 
1987) where GST significance was calculated by a log- FREQPARS version 1.0. Comparison of the defined tree 
likelihood   G-statistic;   the   probability   of   the   null topologies was performed using the usertree option in 
hypothesis was estimated based on 3,600 permutations FREQPARS (Swofford and Berlocher 1987). 
(FSTAT version 2.9.1; Goudet 1999). Nei’s (1972) (DN) 
and modified Cavalli-Sforza & Edwards’ (1967) chord 
(Dcho) genetic distances among samples were used to Results 
build UPGMA (Sokal and Michener 1958) and neigh- 
bour-joining (NJ; Saitou and Nei 1987) trees (bootstrap Diagnosis and genetic variability 
procedure, Felsenstein 1985)  using PHYLIP version 
3.56; Felsenstein 1993. In parallel, the program Dbot Allele frequencies for the 37 enzyme-coding loci are 
(Zaykin and Pudovkin 1993) was used to calculate shown in Table 2. Four loci (ALPDH*, IDHP-1*, 
bootstraps estimates (1,000 replicates) of genetic identi- MEP* and SOD*) discriminated among the four Illex 
ties I (Nei 1972) (data not shown). Phylogenetic rela- species. The ALPDH* locus almost completely distin- 
tionships among the four Illex species (all samples guished I. argentinus and I. illecebrosus (ALPDH 105) 
combined) were inferred using four different approaches: from I. coindetii and I. oxygonius (ALPDH 100). The 
NJ, UPGMA, maximum likelihood (ML) and frequency IDHP-1* and SOD* loci discriminated among I. ar- 
parsimony methods. These methods are the most accu- gentinus (IDHP-1 110 and SOD*60), I. coindetii (IDHP- 
rate for analysing allozyme characters (Wiens 2000, and 1*100 and SOD*100) and both I. illecebrosus and 
references therein). As previously, NJ and UPGMA I. oxygonius (IDHP-190 and SOD*90). The MEP* locus 
were also applied to both DN and Dcho genetic distances was diagnostic for the five individuals labelled as pre- 
among species. The UPGMA analysis was carried out to sumptive I. oxygonius (MEP*105) with respect to the
 Fig. 2 Illex spp. Neighbour-joining dendrogram of populations of IaF, 
Ia42; IiN, IiWo; IcW, IcM; and IoF, and the outgroup TeW based on 
the modified Cavalli-Sforza & Edwards’ (1967) chord genetic 
distances among 35 enzyme loci. Estimated branch length connecting 
TeW to the ingroup is 10 times longer than presented. Bootstrap values 
(100 replicates) are shown for every clade. Sample codes are as in Table 
1
other three Illex species (MEP*100). The four mature 
individuals identified on morphological basis as I. oxy-gonius 
showed the allele MEP*105, whereas the juvenile not 
morphologically identified (individual 5) possessed this same 
allele.
Polymorphic loci for each population showed no significant 
deviation from HW expected proportions except for PEPS-2* 
and PEPS-4* at IcW and for PEPS-4* at IcM, which showed 
heterozygote deficits (homozygotes for the alleles *90, *85 and 
*115, respec-tively  (data  not  shown).  Twelve  enzyme  loci  
were 
monomorphic in all the analysed Illex populations (Table 2). 
Genetic variability estimates (Table 2) indi-cated low values for 
all of the seven samples of Illex (e.g. He and Ho ranged 
between 0.016 and 0.060).
Population structure and phylogenetic analysis 
Mean GST valúes within the taxa /. argentinus, I. coind-etii and 
/. illecebrosus were relatively low (0.011, 0.003 and 0.017, 
respectively) indicating intraspecific homogeneity (Table 3). 
The highest valúes of GST per locus were found to be 
significant (P<0.05) for AL-PDH* in /. coindetü due to 
presence of heterozygotes for the alíeles *90 and *105 in IcM, 
and for IDHP-2* (P<0.01) and PEPD* (P<0.05) in /. 
illecebrosus, mainly due to four and three heterozygotes for 
alíeles *90 and *80 in IiWo, respectively. 
Nei’s (1972) (D^) and modified Cavalli-Sforza & Edwards 
chord (1967) (Dcho) genetic distances using 35 allozyme loci 
among all samples are presented in Table 4. Both distances 
showed the lowest valúes for all pairwise population 
comparisons within species (Z)N<0.002; Dcho <0.03). /. 
argentinus and /. oxygonius showed the greatest genetic 
distances (Z)N =0.11; DChQ =0.196) between species, whereas 
/. illecebrosus and /. oxygonius presented the lowest valúes 
(Z)N < 0.058; Dcho < 0.119), followed by the /. illecebrosus    
and    /.    argentinus   pair    (D^ =0.062-0.064;
Table 3 Illex spp. Unbiased estimates of Nei’s (1987) G-statistics for I. argentinus (IaM, Ia42), I. coindetii (IcW, IcM) and I. illecebrosus 
(IiN, IiWo) 
I. argentinus I.coindetii I.illecebrosus 
GIS GIT GST GIS GIT GST GIS GIT GST 
 
AAT-1* -0 013 0 000 0 013 - -
ACP* -0 013 0 000 0 013 -0 021 -0 017 0 004 -0 048 -0 045 0 003
ALPDH* -0 010 -0 020 -0 009 -0 046 0 000 0 044* - - -
DDH* - - - - - - - - -
ESTD* - - - - - - 0 014 0 000 -0 015
G6PDH* - - - -0 029 -0 035 -0 006 0 162 0 140 -0 026
IDDH* -0 027 -0 023 0 003 -0 030 -0 033 -0 003 -0 024 -0 026 -0 002
IDHP-1* - - - -0 001 0 000 0 001 -0 015 0 000 0 015
IDHP-2* -0 089 -0 042 0 043 - - - -0 157 0 000 0 136**
LAP* - - - - - - -0 015 0 000 0 015
MDH-2* - - - - - - 0 014 0 000 -0 015
MEP* -0 009 0 000 0 009 - - - - - -
MPI-2* - - - - - - -0 058 0 000 0 055
OPDH-3* - - - - - - -0 015 0 000 0 014
PEPA* -0 009 -0 016 -0 007 - - - -0 012 -0 021 -0 009
PEPB* - - - - - - - - -
PEPD* -0 000 0 000 -0 006 -0 010 -0 008 0 002 -0 094 -0 010 0 076*
PEPS-1* -0 030 0 000 0 029 -0 016 0 000 0 015 -0 048 0 000 0 046
PEPS-2* - - - 0 267 0 262 -0 008 -0 011 0 000 0 011
PEPS-3* - - - 0 427 0 401 -0 047 - - -
PEPS-4* -0 008 -0 015 -0 007 0 661 0 661 -0 002 0 010 0 000 -0 010
PGDH* - - - 0 001 0 000 -0 001 0 245 0 230 -0 019
PGM* - - - 0 074 0 090 0 025 - - -
Mean —0 025 0 000 0 011 0 135 0 138 0 003 0 029 0 045 0 017
*P<0 05
**P<0 01
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Table 4 Illex spp. Nei’s (1972) (below diagonal) and modified Cavalli-Sforza & Edwards’ (1967) chord (above diagonal) genetic distances 
based on 35 enzyme loci from seven populations of Illex (IaF, Ia42, IcW, IcM, IiN, IiWo, IoF) and one population of TeW. Sample codes 
are as in Table 1
 
Population IaF Ia42 IcW IcM IiN IiWo IoF TeW
IaF — 0.0083 0.1571 0.1460 0.1222 0.1315 0.1959 1.5838
Ia42 0.0005 - 0.1679 0.1524 0.1232 0.1343 0.1950 1.5903
IcW 0.0905 0.0919 - 0.0128 0.1608 0.1865 0.1662 1.5272
IcM 0.0873 0.0885 0.0006 - 0.1599 0.1777 0.1666 1.5419
IiN 0.0621 0.0629 0.0920 0.0895 - 0.0255 0.0970 1.5821
IiWo 0.0623 0.0637 0.0956 0.0926 0.0019 - 0.1192 1.6016
IoF 0.1143 0.1129 0.0922 0.0919 0.0550 0.0587 - 1.5944
TeW 2.1428 2.1438 1.9174 1.9332 2.1490 2.1415 2.1364 - 
 
Dcho=0.122–0.134). The low genetic distances observed 
between the latter two pairs is due to the fact that these 
species share alleles for the diagnostic loci IDHP-1*, SOD* 
and ALPDH* (Table 2). The NJ tree based on Dcho 
distances among populations for 35 enzyme loci generated 
the intraspecific clades with the highest bootstrap values 
(88–96%) (Fig. 2). The NJ tree and similarly the UPGMA 
analysis (data not shown) de-picted I. illecebrosus and I. 
oxygonius populations as the closest related taxa with a 
bootstrap support of 62–64%, with this pair showing a sister 
relationship to I. argen-tinus (bootstrap support of 70% for 
the NJ tree and 33% for the UPGMA tree).
Genetic distances of Nei (1972) (DN) and modified 
Cavalli-Sforza & Edwards (1967) chord (Dcho) were 
calculated among species considering I. argentinus as 
constituted by IaF and Ia42, I. coindetii by IcW and IcM, 
and I. illecebrosus by IiN and IiWo, and using 36 enzyme 
loci (data not shown). The neighbour-joining and UPGMA 
trees based on Nei’s (1972) genetic dis-tances showed I. 
illecebrosus and I. oxygonius as a sister group connected to 
I. argentinus (Fig. 3a and 3b). The tree topology of the NJ 
tree based on Dcho distances was the same as NJ/Nei’s tree, 
with bootstrap values slightly higher for the I. illecebrosus 
and I. oxygonius clade (63%), and 65% for the I. 
illecebrosus, I. oxygonius and I. argentinus clade. In the 
UPGMA/Dcho tree I. illece-brosus and I. oxygonius formed 
a sister clade (59% bootstrap support), as in the above trees, 
but I. argen-tinus and I. coindetii were grouped together, 
although with a low support (<50%, data not shown). The 
ML tree resulted after 189 topologies was identical to the NJ/ 
Nei,   UPGMA/Nei   and   NJ/CSE   trees,   with   higher
 
bootstrap values (Fig. 3c). The modified Wagner’s par-
simony analysis (MANAD) grouped I. argentinus and I. 
illecebrosus species (Fig. 3d). Shortest MANAD tree after 
MANOB branch-and-bound search obtained the most 
parsimonious tree after 1,000 replicates. FREQ-PARS 
estimation of tree lengths for the main topologies resulted in 
very similar L values, with L=76.125 for the parsimony 
analysis and L=77.919 for the ML, NJ/Nei and UPGMA/Nei 
analyses. Thus, the I. illecebrosus and I. oxygonius clade 
was supported by ML and distance-based methods (Fig. 3a–
c), whereas I. argenti-nus and I. illecebrosus species were 
clustered together in the parsimony analysis (Fig. 3d). All 
these topologies showed I. coindetii as forming an 
independent lineage (Fig. 3). The clade formed by the 
Western Atlantic species I. illecebrosus, I. oxygonius and I. 
argentinus was supported by bootstrap values of 61–67% in 
the NJ/Nei, NJ/Dcho, ML and parsimony analyses, and with 
less support in the UPGMA/Nei and UPGMA/Dcho trees 
(<50%, tree not shown). A lower clade support ob-tained in 
the UPGMA analyses may be due to the performance of this 
procedure for estimating branch lengths (Wiens and 
Servedio 1998). 
Discussion 
Diagnosis of the genus Illex: I. oxygonius validation 
Four enzyme-coding loci (ALPDH*, IDHP-1*, MEP*, 
SOD*) were found diagnostic among Illex species (Table. 2 
and 5). An enzyme-coding locus is defined as diagnostic if 
an individual can be correctly assigned to
Table 5 Illex spp. Number of diagnostic enzyme loci between I. argentinus (Ia), I. coindetii (Ic), I. illecebrosus (Ii) and I. oxygonius (Io), and 
diagnostic values based on the 99% criterion of Ayala and Powell (1972) for the enzyme-coding loci ALPDH*, IDHP-1*, MEP* and SOD*
Taxa 
pairs 
Diagnostic loci 
ALPDH* IDHP-1* MEP* SOD* 
Number of 
diagnostic loci
Ia-Ic 0.99 
Ia-Ii -
Ia-Io 0.99 
Ic-Ii 0.99 
Ic-Io -
Ii-Io 0.99 
1.00 0.99 0.99 0.99 0.99 
 
- 1.00 3 
- 1.00 2 
1.00 1.00 4 
- 1.00 3 
1.00 1.00 3 
1.00 - 2 
Fig. 3 Illex spp. Phylogenetic relationships among Illex species based on 36 enzyme loci and using TeW as the outgroup. a Neighbour-
joining tree based on Nei’s (1972) genetic distance (DN) (estimated TeW branch length is 10 times-folded); b UPGMA tree using DN (the 
cophenetic correlation coefficient was 0.998); c Maximum likelihood tree after 189 topologies, where branch length indicates expected 
accumulated variance as rate of character evolution (estimated TeW branch length is 2 times-folded); and d Shortest MANAD tree after 
MANOB branch-and-bound search obtaining most parsimonious tree (after 1,000 replicates). Bootstrap values (‡50) are shown above 
branches for distance and likelihood methods
one of two species with a probability of 99% or higher 
(Ayala and Powell 1972). Each of the four Illex species 
could be genetically recognised with 2–4 enzyme loci 
depending on each pairwise comparison (Table 5). A high 
percentage (83%) of correct designations among I. 
argentinus, I. coindetii and I. illecebrosus was also achieved 
using morphometric beak-character analyses (Martınez et al. 
2002). In the present work, I. argen-tinus could be 
distinguished from I. coindetii, I. il-lecebrosus and I. 
oxygonius by 3, 2 and 4 allozyme loci, respectively, I. 
coindetii from the other Illex species by 3 loci, and I. 
illecebrosus from I. oxygonius by 2 loci. The one juvenile 
and four mature specimens of the 
putative I. oxygonius showed the diagnostic allele 
MEP*105, although only the former four specimens have 
been preliminary considered I. oxygonius based on 
morphological evidence. The most geographically restricted 
species I. oxygonius occurs in the overlapping distributions 
between I. coindetii and I. illecebrosus (Fig. 1), being 
taxonomically the most controversial. Some authors have 
postulated that I. oxygonius is a hybrid between I. coindetii 
and I. illecebrosus (Roper et al. 1998); however, no 
heterozygotes for the diag-nostic loci IDHP-1* and SOD* 
between both species were found in the I. oxygonius sample. 
Moreover, each recognised Illex species could be genetically 
differenti-
ated and clearly distinguished from the putative I. oxygonius 
by 2-4 loci (Table 5). Genetic identities (Nei 1972) among 
Illex taxa (7=0.8-0.9) fell within the range of conspecific 
populations and congeneric species (Thorpe 1983). 
However, considering the very low levéis of allozyme 
variability shown by all the populations, it would be difñcult 
to explain the observed abrupt changes in alíele frequencies 
for several loci if we assume that all of the Illex populations 
belong to the same species. Moreover, congruence between 
morphological and allozyme characters argües for the 
consideration of the four Illex taxa as four different species. 
Nevertheless, a more extensive sampling, mainly from 
Florida waters (off southern USA), where some Illex species 
are sympatric, would be desirable to complement this study. 
General low allozyme variability levéis were found for 
all the Illex taxa (Table 2), for example, Ho =0.02-0.06, in 
agreement with previous studies on I. argentinus (H0= 
0.038) and other cephalopods (H0 =0.018-0.083) (Carvalho 
et al. 1992; Carvalho and Nigmatullin 1998; Pérez-Losada et 
al. 1999). Low genetic variability esti-mates have been 
associated with generalist-habitat species that migrate long 
distances and inhabit wide bathymetric ranges, as occurs in 
Illex taxa when compared to other less mobile cephalopods 
(see Carvalho and Nigmatullin 1998 for a review). Another 
potential explanation for these low levéis of allozyme 
variation could be intensive fishing pressure, which may 
involve population size depletion and so the erosión of the 
genetic pool. Thus, in general, population dynamics of the 
short-lived cephalopods may be heavily inñuenced by low 
diversity balancing the risks of mortality factors and causing 
periodic local extinctions (Boyle and Boletzky 1996). 
Population structure of I. argentinus, I. coindetii and I. 
illecebrosus 
Illex argentinus samples from off North Falkland Is-lands 
and the 42°S latitude were found to be genetically 
homogeneous (Table 3). In contrast with our results, 
Carvalho et al. (1992) found genetic heterogeneity between 
northern and southern Illex populations of the 42°S latitude 
at the Patagonic slope supported by the diagnosis of the loci 
ADA* and MDH-1*. It may be possible that the 42°S sample 
used in this work did not belong to the same population 
analysed by Carvalho et al. (1992), as marked time-related 
differences in population structure have been found by 
previous life cycle studies on Illex species (Hatanaka 1988; 
Nigmatullin 1989; Arkhipkin 1997; Carvalho and 
Nigmatullin 1998). Moreover, as it has been shown for other 
invertebrates, differences in reproductive timing may 
maintain different genetic pools in sympatry (McFad-den 
1999). However, in spite of the high genetic variability 
recently found at microsatellite loci within I. argentinus 
populations, no marked population differ- 
entiation was found between northern and southern samples 
of the 42°S latitude (Adcock et al. 1999a, b), which agrees 
with the present data. To clarify the population structure of 
I. argentinus and the other Illex species a more detailed 
structural analysis including samples captured at different 
bathymetric and seasonal ranges should be carried out. 
Samples of I. coindetii and I. illecebrosus showed no 
significant overall genetic differences (mean GST =0.003 
and 0.017, respectively; Table 3). Thus, I. coindetii from the 
northeastern Atlantic (IcW) and Mediterranean (IcM) seem 
to belong to the same genetic pool, as previously indicated 
by discriminant analysis of body and beak characters 
(Martínez et al. 2002) and by a recent molecular study 
(Martínez et al. 2005). The general lack of intraspecific 
allozyme dif-ferentiation may be due to the long migrations 
effected by these oceanic species (e.g. 1,260 miles for I. 
illecebrosus, Dawe et al. 1981), or the discriminatory limi-
tations of the electrophoretic technique. Previous 
morphological studies on I. coindetii from the Medi-
terranean and East and West Atlantic, however, have shown 
possible heterogeneity (Zecchini et al. 1996; Arkhipkin 
1997; Hernández-García and Castro 1998). Future genetic 
studies including more samples and using other molecular 
markers would help to clarify the population dynamics of 
Illex across the Atlantic. 
Phylogenetic relationships among Illex species 
Allozyme data can provide an accurate estimate of the 
species phylogeny and can be used for reconstructing 
phylogenies among closely related species (Wiens 2000, and 
references therein). Phylogenetic relationships shown by 
distance-based (NJ/DN, NI/D^cni and UP-GMA/DN trees) 
and ML approaches were in congruence (Fig. 3a, b and c) 
supporting phylogenetic accuracy (see Wiens 2000). But 
these relationships were slightly different from those 
obtained in the máximum parsi-mony analysis (Fig. 3d): I. 
illecebrosus is sister to I. oxygonius in the NJ, UPGMA and 
ML analyses, but sister to I. argentinus in the parsimony 
analysis. The length difference between both topologies was 
L=1.79 steps. Although the parsimony search found a 
slightly shorter tree, distance and likelihood methods are 
con-sidered more accurate than parsimony methods under 
most conditions, as independent of spurious allelic fre-
quency variations (Wiens 2000). Thus, the MANAD 
parsimony analysis is dependent on allelic frequencies 
(Swofford and Berlocher 1987). Moreover, a cióse evo-
lutionary relationship between I. illecebrosus and I. 
oxygonius is supported by their overlapping geographic 
distributions (Fig. 1).
The monophyletic clade formed by I. argentinus, I. 
illecebrosus and I. oxygonius species was supported by all 
phylogenetic analyses (Fig. 3). A previous phylogenetic 
study on ommmastrephids including Illex species (but not I. 
oxygonius) was conducted by Yokawa (1994),
where an UPGMA/Nei distance tree using 23 enzyme loci 
showed I. coindetii and I. illecebrosus as sister spe-cies 
separated from I. argentinus. Yet, similar genetic distance 
values were shown for I. coindetii with respect to the other two 
Illex species (Yokawa 1994). However, only two individuals 
per species were included in this analysis, which according to 
Archie et al. (1989) does not guarantee the inference of 
accurate phylogenetic relationships. Moreover, several authors 
(e.g. Graybeal 1998; Poe 1998) have reported that increasing 
taxon sampling is important to assess evolutionary relation-
ships, so the inclusion of I. oxygonius in the present study 
should generate more reliable inferences of the Illex phylogeny. 
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